To address the role of transient torsional stress in transcription, we have utilized the regulated expression of HO endonuclease in yeast to create double-strand breaks in DNA templates in vivo at preselected sites. Linearization of circular minichromosomes, either 2 kb upstream or immediately downstream of a lacZ reporter gene controlled by the yeast metallothionein gene (CUP1) promoter, did not alter the copper induction profile of lacZ RNA transcripts compared to that of nonlinearized controls. Constructs site-specifically integrated into yeast chromosome II gave similar results. In vivo cross-linking with psoralen as a probe for negative DNA supercoiling demonstrated that template linearization efficiently dissipated DNA supercoiling induced by transcription. Therefore, the efficient transcription of linearized, relaxed templates found here demonstrates that transient torsional tension is not required for transcription of chromatin templates in yeast.
Several lines of evidence support the proposal that transient torsional stress may be necessary for optimal transcription in eukaryotic cells (for a review, see reference 7). First, since transcription generates twin domains of DNA supercoiling (9) , which leads to the recruitment of DNA topoisomerases (6) , relaxation may kinetically lag behind stress generation. Studies with psoralen cross-linking support the idea that torsional tension exists in vivo within several different genes (19, 27) . Second, the transcriptional activity of circular DNA templates has been reported to be greater than that of their linear counterparts when introduced into animal cells or frog oocytes (11, 37, 38, 41, 51) . Third, nicking genomes in vivo with X rays leads to inhibition of transcription (28) . Finally, adenovirus DNA molecules containing mutant terminal protein, which can no longer bind tightly to the nuclear matrix, are less active in transcription in vivo (43) .
A requirement for transient torsional stress in optimal transcription could be exhibited at the level of initiation or elongation (or both). The results of several in vitro experiments support a role for negative DNA supercoiling in transcription initiation (for example, see references 10, 29, 30, 34-36, and 45) . With respect to transcriptional elongation, it has been conceptually formulated that positive supercoils generated downstream of traversing RNA polymerase may unwind the negative supercoils about the histone octamer and pave the way for transcription (23) . Consistent with this view is the observation that positive supercoiling generates a DNase Isensitive state in native chromatin (22) . In vitro studies have shown that RNA polymerase traversal through arrays of nucleosomes does not efficiently occur (18) , even in the presence of known elongation factors (15, 16) . Nucleosomes are potent roadblocks for RNA polymerase passage (reviewed in reference 7) , particularly when associated with histone H1 (32) . In vivo, however, nucleosome arrays provide no apparent barrier to RNA polymerase passage (1) , consistent with a requirement for transient torsional stress which is missing from in vitro systems.
Although the studies described above appear to provide persuasive evidence for a role of torsional stress in transcription, each study can be criticized from the standpoint of its in vitro nature, its interpretative and/or correlative results, or the susceptibility of the system employed to artifacts. Here we wished to overcome many of these limitations. We reasoned that if torsional stress is required for optimal transcription, a double-stranded break in the DNA template may permit dissipation of local torsional stress and cause inhibition of transcription of a reporter gene. To test this hypothesis, we have developed a model system in which the templates utilized (i) can be linearized in a regulated fashion at preselected positions in vivo, (ii) are within a homogeneous population of cells, (iii) are all potentially transcriptionally active and contain an inducible promoter, and (iv) have assembled bona fide chromatin structures that are faithfully propagated to daughter cells as either episomes or chromosomes. The system uses yeast HO endonuclease, a sequence-specific double-stranded DNA nuclease involved in the yeast mating-type switching (20) , for targeting DNA cleavage in Saccharomyces cerevisiae. Previously this approach has been used successfully for studies of recombination (for example, see reference 40), DNA replication (39) , and the role of telomeres in chromosome stability (42) . In direct contrast to expectations based on the results of earlier experiments, we demonstrate here that transcription is not inhibited after linearization of chromatin templates carrying a yeast CUP1-lacZ transcription unit even under conditions proven to dissipate transcription-induced torsional stress in vivo.
MATERIALS AND METHODS
Recombinant plasmids and yeast strains. The parent reporter gene construct CU:LACZ was the gift of Dennis Thiele (Fig. 1A) , and was created by subcloning a BamHI-EcoRI-digested gene fusion fragment of YipCL (50) into YCp50. The HO endonuclease expression vector pJH283, designated here as GAL:HO (Fig.  1B) , and a vector termed pJH260 containing the HO cleavage site from the YZ junction of S. cerevisiae MATa were provided by James Haber (40) . Fragments originating from the BglII-HincII insert were excised from pJH260 by using BamHI and either XmaI or EcoRI, respectively. These fragments were individually ligated and digested with XmaI and EcoRI, respectively. The resulting head-to-head dimers of the HO cut site were inserted at either XmaI or EcoRI sites to create 5Ј and 3Ј HO sites in CU:LACZ (Fig. 1A ). Plasmids were introduced stepwise (first CU:LACZ, next GAL:HO) by the lithium acetate method (14) into S. cerevisiae BSY205 (MATa ade2 can1-100 his3 -11,15 leu2-3,112 ura3 trp1-1 cyh2 r bar1::LEU2) (provided by David Gross). Transformants grown at 30ЊC were isolated as prototrophs on plates containing the appropriate complete synthetic media plus 2% raffinose (46) . For purposes of integration, a PCRderived 2.2-kb HpaI-DraI fragment from the yeast LYS2 gene was first blunt end ligated into the PvuII site of YIp5. The resulting construct was cut with EcoRI plus SalI, and a 3.9-kb EcoRI-SalI fragment from CU:LACZ was inserted. Dimer HO cut sites, generated by PCR amplification from the CU:LACZ plasmids described above carrying the 5Ј and 3Ј inserts, were inserted at the corresponding SmaI and EcoRI sites. The yeast strain BSY205 was then transformed with these integration vectors, linearized at a unique SacII site within the LYS2 region (see Fig. 5 ), and transformants were selected for URA3 expression on ␣-aminoadipate-containing minimal plates (47) . Southern blotting analyses indicated that of 18 transformants with the correct genotypes (6 for each construct), all had single copies of CU:LACZ inserted into LYS2 (data not shown). GAL:HO was then introduced by repeated transformations. To knock out the yeast topoisomerase I gene in strain BSY205, two TOP1 gene fragments (encompassing nucleotides [nt] 2006 to 2172 and 2191 to 2474; GenBank accession no. K03077) and a functional HIS3 gene (1.1 kb) were PCR amplified from total genomic DNA of yeast strains BSY205 and S288C (American Type Culture Collection), respectively. These three PCR products were then joined together by SOEing (13) . The purified fusion construct was used for transformation into yeast strain BSY205 carrying chromosomal templates, and transformants were selected for both histidine prototrophy and camptothecin resistance (5) . Integration at the correct locus in the transformants was confirmed by PCR amplification and Southern blotting analyses (data not shown).
Growth conditions for template linearization experiments. Cells were grown in a shaking water bath, under selection at 30ЊC in complete synthetic medium (46) with 2% raffinose as the carbon source, to an A 600 of 0.6 to 0.75. Cultures of 225 ml were arrested in the G 1 phase by incubation with ␣ factor (0.5 g/ml; Sigma) for 4 h. One-seventh volume of 24% D-galactose or raffinose was then added along with 0.5 g of ␣ factor per ml. After 1 h, 1/400 vol of 1 M copper sulfate was added. For each time point, 24-ml samples were withdrawn, followed by immediate addition of 1/50 vol of 1 M sodium azide to stop transcription and inhibit copper uptake (23, 26) . RNA was isolated by a modification of the acidic phenol method (44) , in which cells were disrupted by vortexing with glass beads.
DNA was purified by a standard procedure (12) but with an additional set of extractions and ethanol precipitations.
DNA analyses. Total yeast genomic DNA samples (8 to 15 g) were digested with restriction endonucleases (as indicated in the figure legends), resolved by electrophoresis with 0.7% agarose gels in 1ϫ TBE buffer (pH 7.5), and transferred to Zeta-Probe GT membranes (Bio-Rad) by the capillary method in 0.4 N NaOH-0.2 M NaCl. After transfer, membranes were neutralized with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and hybridized overnight at 65ЊC with a 32 P-labeled lacZ riboprobe (see RNA analyses) complementary to the DNA coding strand between nt 4256 and 4421 (GenBank accession no. J01636) by published techniques (3). After hybridization, filters were washed once for 1 h at 65ЊC with 5% sodium dodecyl sulfate (SDS) in 20 mM sodium phosphate buffer (pH 7.2) and twice for 30 to 45 min at 65ЊC with 2% SDS in the same buffer. Blots were exposed to either X-ray film overnight at Ϫ70ЊC with intensifying screens or to storage phosphorimaging screens at room temperature. Phosphor screens were scanned with a Molecular Dynamics PhosphorImager, and the signals corresponding to HO cut and uncut template DNAs were quantitated with image analysis software. The same membranes were reprobed with 32 P-labeled sense yeast actin riboprobes (25) and quantified as described above. The extent of linearization (percentage of the total) is 100% ϫ (1 Ϫ B/A), where A is the signal intensity of a restriction fragment bearing uncleaved HO sites (normalized to that of actin) just before HO endonuclease induction and B is the signal intensity of the same fragment after HO endonuclease induction (normalized to that of actin). The extent of templates remaining (percentage of total) is 100% {1 Ϫ [A Ϫ (B ϩ C)]/A}, where C is the signal intensity of a restriction fragment bearing cleaved HO sites (normalized to that of actin).
RNA analyses. Riboprobes prepared with an in vitro transcription kit (Ambion) were used for RNase protection assays and Southern analyses. Probes 223 and 405 nt in length contained 181 and 166 nt of sequences complementary to the 5Ј and 3Ј ends of lacZ mRNA, respectively (positions 1309 to 1489 and 4256 to 4421, respectively; GenBank accession no. J01636); the actin probe was 323 nt and contained 282 nt of sequences complementary to actin mRNA (25) . The 3Ј probe was generated by T7 RNA polymerase transcription of a gel-purified NdeI-linearized pT7LACZ fragment (gift of Rolf Sternglanz). The complement of this probe was used for Southern analysis and was generated by PCR amplification of the relevant sequence with an engineered SP6 polymerase promoter for direct in vitro transcription. For the 5Ј probe, a lacZ fragment encompassing the desired nucleotides was amplified by PCR with engineered BamHI and HindIII ends for insertion into pGEM-4 (Promega). The 5Ј probe was then generated by T7 RNA polymerase transcription of a gel-purified NheI-linearized fragment of this plasmid.
32 P-labeled riboprobes (10 4 to 10 5 cpm) purified from 8 M urea-5% polyacrylamide gels were incubated with heat-denatured total RNA (15 to 25 g) for 12 to 14 h at 45ЊC in 0.1 M sodium citrate-0.3 M sodium acetate-1 mM EDTA-80% formamide (pH 6.4). After hybridization, RNase A and T 1 (1.25 and 50 U/ml, respectively; Ambion) were added to digest unprotected RNA for 50 min at 37ЊC. RNases were inactivated by incubation of samples for 30 min at 37ЊC with 0.5% SDS and 0.3 mg of proteinase K per ml. Samples were mixed at room temperature with 1 vol of 4 M guanidine thiocyanate, 25 mM sodium citrate, 0.5% N-lauroyl sarcosine, 0.1 M ␤-mercaptoethanol (pH 7.0), and 2 vol of isopropanol. After incubation for 25 min at Ϫ70ЊC, RNA was collected by centrifugation at 4ЊC for 20 min in a microcentrifuge. The pellets were washed in 70% ethanol and air dried. Fragments were then separated by electrophoresis on 8 M urea-6% polyacrylamide gels. The gels were fixed as previously described (4), dried, exposed, and quantitated as described above. The lacZ levels were then normalized to those of actin.
In vivo psoralen cross-linking. Yeast cells (BSY205 top1::HIS3) carrying chromosomal templates with or without 5Ј HO cut sites were grown and arrested as described above. After 50 min of galactose induction, cultures were split into equal portions, with only one receiving copper sulfate (final concentration, 3 mM). Cells were grown for an additional 30 min before addition of sodium azide. Cells were then harvested, washed, and suspended in a stock solution of 1.4 M sorbitol-40 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid)-0.5 mM MgCl 2 -20 mM NaN 3 (pH 7.5) at 4ЊC. 4,5Ј,8-Trimethylpsoralen (1 mg/ml in ethanol; Sigma) was then added to a final concentration of 1 g/ml, and the mixture was kept on ice for 10 min in a dark room. Cells were then aliquoted and transferred to four plastic petri dishes (55 mm) and irradiated with 360-nm UV light (Sylvania Blacklight Blue model F20T12/BLB) at a dose of 4 kJ/m 2 /min for 0 to 2.5 min (within the linear range [data not shown]) at room temperature. Total yeast genomic DNA was purified as described above and digested with either SphI-NsiI (for templates without HO cut sites) or SphI (for templates with 5Ј HO cut sites), followed by phenol-chloroform extraction and ethanol precipitation. After suspension in sterile water, DNA was denatured and treated with glyoxal as previously described (19) and then was electrophoretically resolved with a 1% agarose gel. After electrophoresis, gels were alkali transferred in 0.4 N NaOH-0.6M NaCl to Zeta-probe GT membranes. Membranes were hybridized overnight at 65ЊC, as described above, with purified SphI-NruI-digested Tc gene fragments (from the plasmid CU:LACZ) labeled with 32 P by random priming. Membranes were washed once for 20 min at 65ЊC with 2% SDS in 0.2ϫ SSC and once for 10 min at 65ЊC with the same, fresh buffer. The membranes were then exposed and quantitated as described above. The mean number of cross-links per fragment (XL) ϭ Ϫln (1 Ϫ F x ), where F x ϭ A/(A ϩ B) and A and B are the signal intensities of cross-linked and non-cross-linked DNA fragments, respectively (19) .
RESULTS
Overall experimental approach. Our strategy for addressing the role of template topology in transcription in yeast utilized the regulated expression of HO endonuclease to mediate DNA cleavage at HO endonuclease cut sites nearby a reporter gene. The yeast strains employed harbor copper-inducible lacZ genes (CU:LACZ) with either no HO endonuclease cut sites (control) or dimers of such sites introduced upstream or downstream of the lacZ gene transcription unit (Fig. 1A) . Each of these yeast strains also carries a galactose-inducible HO endonuclease gene (GAL:HO) (Fig. 1B) . Figure 1C shows our overall experimental plan. To minimize template degradation after linearization, the entire experiment was performed with ␣ factor-arrested G 1 cells (39) . We induced HO endonuclease synthesis by adding galactose, or as a control we added the noninducing sugar raffinose to a parallel culture. After 1 h when template DNAs had been efficiently linearized by HO endonuclease, copper ions were added to induce lacZ gene transcription. Culture samples were taken at different times after copper addition for determination of the levels of lacZ transcripts by an RNase protection assay, and the extent of HO endonuclease cutting was determined by Southern blotting analyses.
Both circular and linearized episomal templates are transcriptionally active in yeast. As a first step in the experimental plan, it was necessary to establish that the induction of HO endonuclease by galactose did not adversely affect the induction profile of the copper-inducible lacZ gene that lacked HO endonuclease cut sites. This control addresses both the effects of a carbon source change and ectopic HO endonuclease cutting (at the MAT locus on chromosome III) on the transcriptional response. Two antisense riboprobes (Fig. 1A ) that protect the extreme 5Ј and 3Ј ends of the lacZ mRNA (designated below as 5Ј and 3Ј transcripts, respectively) were used simultaneously along with actin riboprobes in the RNase protection assays. Figure 2 shows the results of this control experiment. The Southern analysis shown in Fig. 2A reveals that the CU:LACZ plasmid was not cut by HO endonuclease as expected, since the construct lacked HO cut sites. Inspection of the RNase protection data of Fig. 2B suggests that the induction profiles of lacZ transcripts appear to be similar in the presence of galactose or raffinose. We repeated this experiment two additional times, and quantitated all three data sets. As shown in Fig. 2C , the induction profiles for the appearance of 5Ј or 3Ј transcripts predictably are kinetically offset but are essentially the same for cells grown in raffinose or galactose. Maximal levels of lacZ mRNA were reached after 20 to 30 min of copper addition, representing about a 25-fold induction over the basal level, followed by a decline thereafter. This decline is probably due to the negative feedback effect of CUP1p (yeast metallothionein) on its own promoters, since the factor that induces transcription of these genes requires copper for activity (8) ; this interpretation is supported by the observation that the presence of 1 g of cycloheximide per ml during copper induction dramatically prolongs the transcript induction period (data not shown). In conclusion, the results of these control experiments demonstrate the validity of our experimental strategy involving carbon source change and HO endonuclease induction, since these modulations in cell physiology per se do not alter the induction profile of the reporter gene.
To determine the effect of template linearization on transcription, we repeated the experiment by utilizing the same reporter gene but with 5Ј HO cut sites (Fig. 3) . As shown in Fig. 3A , in the galactose-incubated culture, the Southern analysis indicated that the majority of the CU:LACZ plasmid had been cut at HO sites at the time of copper addition. Perhaps unexpectedly, the induction profiles of lacZ transcripts appeared similar for cells incubated in the presence of galactose to those for cells incubated in the presence of raffinose. We repeated this experiment two additional times and quantitated all three data sets. The Southern analyses revealed that 76% Ϯ 3% of the templates had been linearized at the time of copper addition to the culture, and 89% Ϯ 2% of the templates had survived after 30 min of copper induction (Table 1 ). In addition, as shown in Fig. 3C , the induction profiles for the appearance of 5Ј or 3Ј transcripts are essentially the same for cells exposed to either carbon source. Similar but dramatically prolonged and enhanced induction kinetics were also observed in galactose or raffinose media when copper was added in the presence of 1 g of cycloheximide per ml (data not shown). In addition, we also tested a construct in which the HO cut sites were placed between the URA3 gene and the CUP1 promoter, only 564 bp upstream, and found no inhibition of transcription upon template linearization (data not shown). We conclude that linearization upstream of the reporter gene does not inhibit transcription.
To investigate further the effect of template linearization on transcription, we repeated the experiment by utilizing the same reporter gene but with 3Ј HO cut sites (Fig. 4) . As shown in Fig. 4A , the Southern analysis showed that the majority of the CU:LACZ plasmid had been cut by HO endonuclease at the time of copper addition to the culture exposed to galactose. Just as seen above, the induction profiles of lacZ transcripts appeared similar for cells exposed to galactose media to those for cells exposed to raffinose media (Fig. 4B) . As before, we repeated this experiment two additional times and quantitated all three data sets. The Southern analyses revealed that 72% Ϯ 7% of the templates had been linearized at the time of copper addition to the culture, and 83% Ϯ 3% of the templates had survived after 30 min of copper induction (Table 1) . After 60 min, considerable template degradation was apparent, since only 56% Ϯ 5% of the templates remained (Table 1) , but by this time, the induction response had already turned off in non-HO-induced controls. As shown in Fig. 4C , the induction profiles for the appearance of transcripts were essentially the same for cells exposed to either carbon source. Earlier in vitro experiments suggested that RNA polymerase II complexes can become arrested near the ends of linear templates (17) , and it is possible that such polymerases might create topological boundaries by attaching to nuclear structures, thereby accounting for our observed lack of inhibition of transcription upon template linearization. However, we found similar kinetics of appearance of 5Ј lacZ transcripts in the presence of galactose or raffinose for a construct in which a CYC1 terminator (33) had been introduced 1.2 kb upstream of the HO cut sites (data not shown). We conclude, therefore, that linearization downstream of the reporter gene also does not inhibit transcription.
Linearized chromosomal templates are also transcriptionally active in yeast. If the circular episomal templates employed above lack topological boundaries, then it is conceivable that transcription-induced torsional stress would be minimized by cancellation through the diffusion of supercoils around the DNA circles. Under these conditions, linearized and circular plasmids might be expected to exhibit similar transcriptional activities. By contrast, although yeast chromosomes are linear, they are believed to be topologically anchored into independent loop domains (7). Therefore, twin domains of DNA supercoiling upstream and downstream of chromosomal genes would not have the opportunity to cancel each other by diffusional pathways.
Because of the fundamental topological differences between circular and long linear genomes, it was of considerable interest to examine the effect of template linearization on transcription in a chromosomal context. For this purpose, we generated three reporter gene constructs very similar to those described above, but without CEN/ARS elements (Fig. 5 ). These were integrated by homologous recombination into the LYS2 locus of yeast chromosome II (Fig. 5) . We first examined the induction pattern in the control strain lacking HO sites by using our standard experimental plan (Fig. 6 ). As shown in Fig. 6A , the Southern analysis revealed that the CU:LACZ integrant was not cut by HO endonuclease as expected. In addition, the induction profiles of lacZ transcripts appeared similar in the presence of galactose or raffinose (Fig. 6B) . We repeated this experiment two additional times and quantitated all three data sets. As shown in Fig. 6C , the induction profiles were essentially the same for cells grown in raffinose or galactose. Maximal levels of lacZ mRNA were reached after 20 to 30 min of copper addition, representing about a 15-fold induction over the basal level, followed by a decline thereafter. These maximal levels are quite similar to those observed for the episomal construct (after correction for the measured gene copy number), suggesting that no major chromosome position effects exist and that the efficiencies of transcription in episomal and chromosomal contexts are comparable. However, both the basal level of transcription and the persistence of lacZ transcripts late in the induction profile are different from those seen for episomal genes (compare Fig. 2 and 6 ). These differences may be related to variations in traces of copper in our media from batch to batch and have not been explored further. Nevertheless, this control establishes the validity of our experimental plan for addressing the effect of linearization of chromosomal genes on transcription. Figure 7 summarizes the results of linearization of the chromosomal reporter gene upstream of its transcription unit. The Southern analysis showed that the majority of the CU:LACZ integrant sequences had been cut by HO endonuclease after 1 h of galactose induction (Fig. 7A) . The induction profiles of lacZ transcripts for cells harboring upstream HO sites again appeared similar in galactose and raffinose media (Fig. 7B) . As before, we repeated this experiment two additional times and quantitated all three data sets. Southern analyses revealed that 77% Ϯ 3% of the templates had been linearized at the time of copper addition to the culture, and 88% Ϯ 2% of the templates had survived after 30 min of copper induction ( Table 1) . As shown in Fig. 7C , the induction profiles for the appearance of transcripts were essentially the same for cells exposed to either carbon source. We conclude that linearization upstream of this chromosomally located reporter gene has no inhibitory effect on transcription. Figure 8 shows the results of linearization of the chromosomal reporter gene downstream of its transcription unit. The Southern analysis showed that the majority of the CU:LACZ integrants had been cut by HO endonuclease after 1 h of galactose induction and suggested that some template destruction had occurred (Fig. 8A) . The RNase protection assay indicated that while the accumulation of 5Ј lacZ transcripts appeared very similar in the cells with and without HO induction, the maximal level of 3Ј lacZ mRNA was reduced compared to that of controls (Fig. 8B) . As before, we repeated this experiment two additional times and quantitated all three data sets. Southern analyses revealed that 71% Ϯ 6% of the templates had been linearized at the time of copper addition to the culture and that 96% Ϯ 2% of the total templates were available for induction at this time. However only 56% Ϯ 3% of these templates had survived after 30 min of copper induction ( Table 1) . As shown in Fig. 8C , the induction profiles for the appearance of 3Ј lacZ transcripts were reduced to about 55% for cells exposed to galactose compared to those exposed to raffinose. We conclude that linearization downstream of this chromosomally located reporter gene has at most a moderate inhibitory effect on transcription and that template degradation accounts primarily for the lower levels of induction observed in these samples.
Linearization of chromosomal templates relaxes local negative DNA supercoiling generated by transcription in vivo. The interpretation of our results depends on whether HO-endonuclease-mediated double-stranded breaks in DNA templates actually permit dissipation of transient torsional tension. To address this issue, we have utilized in vivo psoralen UV crosslinking to detect changes in local negative DNA supercoiling in a region upstream of the reporter gene transcription unit, where, based upon predictions from the twin-domain model (9), transcription-generated unrestrained negative supercoiling should occur because of divergently oriented promoters (Fig.  9A) . Previous studies have shown that psoralen binding to DNA is proportional to the extent of unrestrained negative supercoiling (48) and that localized transcription can increase psoralen binding before, but not after, nicking DNA, presumably due to the relaxation of nonconstrained DNA supercoiling following nicking (for example, see reference 19). Thus, based on these observations, we expected that if template cleavage could dissipate local torsional stress generated by transcription, a transcription-induced increase in psoralen binding to the upstream region of the reporter promoter would be eliminated by template linearization.
In order to readily detect a transcription-induced increase in psoralen binding to the upstream region of the reporter gene, we found it was necessary to knock out the yeast topoisomer VOL. 17, 1997 EFFECT OF HO ENDONUCLEASE-TARGETED DNA CLEAVAGE IN CISperiments with this strain revealed that there was a 2.3 Ϯ 0.17-fold increase in the rate of cross-linking to the region examined upon transcriptional induction, indicating that nonconstrained negative supercoiling was indeed induced by transcription. Next we repeated this experiment but used a top1 strain carrying a chromosomal reporter gene with 5Ј HO cut sites (Fig. 9A) . The use of a single restriction enzyme (SphI [ Fig. 9A ]) in the digestion of DNA samples from this strain allowed us to examine the cross-linking patterns of DNA fragments specifically from HO endonuclease-cut templates, whose mobilities in agarose gels differed greatly from those of nonlinearized templates in the same digests. The results revealed that no significant increase in psoralen cross-linking was observed if the template was linearized by HO endonucleases before copper induction (Fig. 9B) . Three independent experiments with this strain demonstrated that only a 1.1 Ϯ 0.12-fold increase in cross-linking occurred in the linearized templates upon copper induction. Since we found that HO-linearized templates were still equally transcriptionally active in this top1 strain (data not shown), we therefore have proven that nearly all of the local negative supercoiling generated by transcriptional induction was relaxed by template linearization. Therefore, we conclude that in the original TOP1 yeast, topoisomerase I and template linearization can each relax local torsional stress induced by transcription and that such relaxation does not inhibit transcription.
DISCUSSION
Our results demonstrate that linearization upstream or downstream of an episomal or chromosomal reporter gene does not affect the overall pattern of transcriptional induction under conditions that result in the relaxation of local unconstrained DNA supercoiling. To determine whether the processive function of the yeast RNA polymerase II transcription machinery depended on template topology, we assayed for transcripts generated at the extreme ends of the reporter genes. No differential inhibition was observed, suggesting that neither initiation nor elongation was affected by linearization. However, the sensitivity of our assay may not be sufficient to detect inhibition if it existed only during the first several rounds of transcription per se.
Does transcription in yeast require transient torsional stress? The interpretation of our results in the context of this question depends on whether linearization by HO endonuclease allows free rotation of the generated DNA ends so that torsional stress may be dissipated. To directly address this issue, we performed in vivo cross-linking to determine if a transcription-induced increase in psoralen binding to the DNA region immediately upstream of the chromosomal reporter gene could be abolished by template linearization. Our results indicated that in wild-type yeast, psoralen cross-linking only slightly increased about 1.3 times following 15-min copper induction (data not shown), suggesting that topoisomerase I efficiently relieves negative DNA supercoiling generated during transcription. This observation in yeast is different from those in other eukaryotes in which much higher sustained torsional stress could be detected in specific regions of genomic DNA by the same approach (for example, see references 19 and 27). To avoid complications arising from the presence of topoisomerase I activity in our analyses, we knocked out the gene encoding this protein and found that in the top1 yeast strain, the cross-linking of psoralen was significantly enhanced upon transcriptional induction, consistent with previous findings that topoisomerase I is primarily responsible for the relaxation of transcription-induced DNA supercoiling (2). More importantly, our results reveal that template linearization mediated by HO endonuclease before induction completely eliminates a transcription-induced increase in psoralen cross-linking, therefore demonstrating that a double-stranded break in DNA can effectively relax transcription-induced torsional stress in vivo. Based on these results, we conclude that in our original TOP1 yeast strain, topoisomerase I and template linearization can each relax local torsional stress induced by transcription shortly after it is generated. Thus, in yeast, transient torsional tension is not necessary for transcription of chromatin templates by RNA polymerase II. The fact that transcription from the CUP1 promoter is independent of template topology appears not to be promoter specific. Preliminary results indicate that linearized chromosomal templates carrying the endogenous yeast HSP82 gene are also equally transcriptionally active in vivo (4a).
Although our results indicate that significant transient torsional tension is not required for transcription by RNA polymerase II, we cannot exclude the possibility that transcription may be facilitated by very localized DNA supercoiling, which would be beyond our detection limits, since intuitively one would expect a kinetic lag between the moment that stress is created by traversing RNA polymerases and the time in which this stress is removed through translational diffusion and topoisomerase relaxation. Since DNA ends soon become degraded after HO endonuclease cleavage, we were unable to test the importance of very localized torsional stress and have been forced into placing HO sites some distance from transcription units. However, we were able to linearize as close as 564 bp upstream from the CUP1 promoter and found no inhibition of transcription. Recent evidence suggests that chain elongation on nucleosomal templates may also occur through only very localized positive DNA supercoiling ahead of the transcription complex. For example, SP6 RNA polymerase traversal through single nucleosomes may occur in steps that take advantage of constraining positively supercoiled DNA loops from free rotation against histone octamers (49) .
Our results differ from those previously published in which inhibition of transcription occurred in response to template linearization. In these experiments linear templates were found to be less active relative to their circular counterparts when transfected into animal cells or microinjected into frog oocytes (11, 37, 38, 41, 51) . One major difference between our systems is that yeast chromatin appears to lack abundant amounts of histone H1-like proteins, although a potential homolog has recently been identified (21) . These proteins strongly impede the process of transcriptional elongation beyond the inhibition imparted by histone octamers per se (32) . In addition, based on thermal untwisting assays, yeast core histones appear to constrain nucleosomal DNA supercoils less tightly than histones from higher eukaryotes (31) . Thus, these differences may explain, at least in part, why transient torsional stress is not needed for RNA polymerase II to traverse through yeast nucleosomes. On the other hand, the inhibition noted by others may be indirect. For example, it is possible that the minor fraction of linear molecules that became assembled into transcriptionally active chromatin structures in these experiments were preferentially destroyed by endogenous nucleases. In addition, there may be a relationship between DNA repair pathways and transcription that resembles checkpoint regulation. Our experiments employed G 1 -arrested cells by necessity to reduce the degradation of linearized molecules. Other stages of the cell cycle may exhibit feedback inhibition of transcription after DNA damage. For example, the general transcription factor TFIIH is known to be required for nucleotide excision repair (24) . In conclusion, our results demonstrate that linearized, relaxed chromatin templates are transcriptionally active in vivo and do not exhibit any apparent differential inhibition in the processes of transcriptional initiation and elongation.
